v' Methods for obtaining multimodality evoked potentials, somatosensory, visual, auditory, and auditory brain-stem potentials in patients with severe head trauma are described. A method of analyzing abnormal multimodality evoked potentials (graded evoked brain-injury potentials) is proposed that defines the degree of abnormality of the electrophysiologicat data and expresses it simply in four grades per modality. Data from 20 normal subjects are given for comparison with the abnormal data obtained from 51 patients with head trauma.
T HE diagnostic evaluation of the unconscious patient was given a major impetus by Plum and Posner, TM who presented in a clear and logical way a series of clinical tests of cerebral hemispheric and brain-stem integrity based on the application of appropriate stimuli and simple grading of the observed responses. This logical approach has found ready application to the clinical evaluation of patients with severe head injury. TM However, apart from information obtained from the neurological examination, most diagnostic studies tend to reflect the anatomical condition, including hematomas, brain shifts, and edema, and not the functional condition of the central nervous system of patients with severe head injuries. There is, we feel, a paucity of clinical information that can define neurophysiological dysfunction rather than neuroanatomic alterations of brain.
A considerable advance could be made in the diagnosis of the head-injured patient if it were possible to record a comprehensive group of noninvasive electrophysiological tests that could localize areas of neuronal and synaptic dysfunction not obvious from clinical evaluation. Multimodality evoked potentials, consisting of somatosensory, visual, auditory, and auditory brain-stem evoked potentials, appear to be a potentially useful electrophysiological battery with which to localize dysfunction in individual neural systems as well as dysfunction in areas of brain traversed by many neural systems such as the brain stem or cerebral hemispheres. Such evaluation would be of clear diagnostic and prognostic value in evaluating comatose head-injured patients.
Despite the useful information that electrophysiological evaluation of the brain might provide, few studies of patients with severe head injury have been carried out. Such studies are difficult because of the lack of methods to categorize the complex abnormal evoked responses produced by neuronal embarrassment and the many technical problems in studying severely traumatized patients. Furthermore, correct and clinically useful interpretations of evoked potential data depend on standardized, precise methodology, and systematic, meaningful data analysis that includes comparisons with data from normal controls. A detailed analysis of abnormal multimodality evoked potentials generated from dysfunctional brain in response to sensory stimuli has not been reported previously in patients with severe head trauma.
We have found it possible to carry out a comprehensive neurophysiological evaluation in severely head-injured patients with multimodality evoked potentials that yields information about brain function that is both complementary and supplementary to that obtained from a clinical evaluation. In this report we describe our methods of obtaining multimodality evoked potentials from comatose patients with head trauma, and propose a system for analyzing and grading abnormal evoked potentials (evoked brain-injury potentials). Data from 20 normal controls are presented for comparison. A second report considers the relationship between areas of brain dysfunction localized in vivo by evoked brain-injury potentials, and posttraumatic neurological disease manifestations. 7
Clinical Material and Methods
In both normal and injured patients one complete study consisted of recording somatosensory, visual, and auditory near-field and far-field (brain-stem) evoked potentials? ~ Electroretinograms, eighth nerve action potentials,' and peripheral nerve action potentials were also recorded in each patient to verify the integrity of the respective peripheral receptors.
Head Trauma Group
Fifty-one patients were studied a total of 122 times during the acute and chronic phases of their hospitalization and in subsequent clinic visits up to 2~,~ years after injury. All patients were unresponsive to verbal commands for at least 4 days, some for over 3 months, as a result of severe mechanical head trauma.
All initial multimodality evoked potential studies were carried out at the bedside in the neurosurgical intensive care unit on about the third day after injury. Serial studies were obtained up to six times in some patients (average 24) and repeated as late as 30 months following head trauma.
Normal Group
Volunteers, 13 men and seven women, ranging in age from 19 to 35 years (mean age of 24) served as normal controls. None of the volunteers had ever had a neurological disease. In 12 volunteers serial studies were obtained from 1 to 6 weeks after the initial study.
Methods Common to All Modalities
The international 10-20 system was used to position the electrodes* on the scalp in order to assure standardized, symmetrical recording within and between subjects, and to accurately compare our results with those of other investigators. Sixteen scalp electrodes were used to record from all lobes in both hemispheres for the first 23 studies. When it became apparent that, for the time spans used in this study, frontal lobe activity was volume conducted from elsewhere and temporal lobe activity was recorded best in a single electrode at the vertex, 7 we reduced the number of electrodes to five (Cz, P3, P,, O1, 02). Linked ear electrodes served as a common reference and each electrode's impedance was carefully checked and maintained below 2 kohm. The amplifierst were carefully calibrated to a gain of 10,000 periodically during each study session. A 5 pV square wave pulse was sent through the amplifiers and computer~ and plotted by an x-y recorderw to maintain consistency of evoked potential amplitudes both within and across study sessions. Each evoked potential was stored on IBMcompatible digital tape II for later analysis as well as plotted to obtain an immediate record. Figure 1 is a block diagram of the equipment used in the neurosurgery intensive care unit to generate stimulus and record responses. All the equipment was mounted on a single cart and could be easily moved to each patient's bed in the intensive care unit or into the operating room (Fig. 2 
Methods Specific to Each Modality
Somatosensory evoked potentials were recorded with a filter band-pass of 1 to 1000 Hz from the left and right parietal scalp electrodes (P3 and P4) in response to median nerve stimulation produced by a 0.5 msec constant-current square wave* delivered at 1 pulse per second. The left and right median nerves were stimulated separately, and the depolarizing pulse intensity was clinically determined by observing the onset of thumb twitch and raising the stimulus intensity 2 mA above threshold. Occasionally, the ulnar nerves had to be used because of median nerve trauma. An average of either 256 or 512 stimulations was needed to achieve adequate signal-to-noise ratios in the neurosurgery intensive care unit. The first 200-msec period of brain electrical activity post-stimulus was averaged.
Visual evoked potentials were recorded from the left and right occipital scalp (O1 and O2), with a filter band-pass of 1 to 1000 Hz, in response to a 10 #sec strobe lightt flash located 10 in. from the nasion. The light flash was delivered at 1 pulse per second to both eyes and then to each eye individually. Its intensity was 1.5 X 106 candle power and both pupils were widely dilated during each session in both controls and patients. Either 256 or 512 potentials were averaged of the first 200-msec period of brain electrical activity after stimulation.
Auditory near-field evoked potentials were recorded from the vertex (Cz), with a filter band-pass of 1 to 600 Hz, in response to a 0.5 msec 85 decibel (db) tone pip with maximum energy of 2000 Hz. The sound was delivered to both ears and then each ear individually at a rate of one stimulation every 2 seconds. Generally, 512 potentials of the first 400 msec were averaged to achieve an adequate signalto-noise ratio. To reduce stimulation artifact, a stethoscope-like apparatus was devised allowing a microphone (Telephonics TDH-39) to be positioned 3 feet away from the patient at the bell end of the stethoscope. Sound level calibration was done with an audiometer:I: from the ear pieces of the stethoscope, and the delay caused by the microphone's distance from the tympanic membrane was taken into account in the latency calculations.
Recording auditory far-field potentials (brain-stem potentials) was accomplished with the same auditory stimulation apparatus and sound level. Stimuli were delivered eight times a second to both ears and then to each ear individually. Vertex (Cz) recordings were made with a filter band-pass of 30 to 3000 Hz. The initial 20-msec period was examined and 2048 potentials were averaged.
Recording Difficulties in Intensive Care Patients
Contamination of scalp-recorded neurogenic potentials by potentials generated in muscle, which cannot be filtered because of similar frequencies, is the most common and frustrating difficulty encountered when studying head-trauma patients. Acutely ill patients often posture, grind their teeth, swallow, cough, and so on, while chronically ill patients tend to be uncooperative and extremely restless. Since the total time necessary to complete a study may be up to 4 hours, it is imperative to reduce myogenic contamination.
Averaging an increased number of responses, choosing the correct filter bandpass, and waiting for the patient to have a quiet interval, will all improve the signal-tonoise ratio. However, we have found that the most useful method to alleviate muscle contamination, thereby improving and shortening recording time, is to use a logic circuit.w This circuit detects muscle potentials because they generally have higher amplitudes than neurogenic potentials. The circuit's Schmitt trigger monitors the output of the "noisiest" amplifier and can be adjusted to react to potentials of an unacceptably high amplitude. Ultimately, a relay switch is automatically opened breaking the sync (trigger) pulse circuit to the computer. Averaging stops until 
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.} 60 rnsec FIG. 3 . Artifact rejection in a comatose, decerebrate patient who was actively posturing.
Upper." Without artifact rejection. Myogenic contamination of the auditory evoked potential makes meaningful data analysis difficult. Lower: A clean, Grade II (see text) auditory evoked potential was recorded averaging the same number of times, by using the artifact rejection logic circuit (Fig. 1) to reject high amplitude muscle potentials in the same patient. muscle potentials cease to fire the Schmitt trigger (Fig. 1) . This arrangement has permitted us to record cleanly from almost all our patients. Figure 3 illustrates the improved results obtained when the logic circuit was used to reject muscle artifact.
Sixty-cycle alternating current contamination has proven to be manageable in the intensive care unit as long as the scalp-electrode impedance is low and the patient carefully grounded.
Specific stimulating difficulties such as blood and wax in the external auditory meatus, gaze preferences and eye movements, and infiltrated fluid from intravenous medication in the subcutaneous tissue over a nerve to be depolarized, should be carefully noted and corrected.
Analysis of Evoked Brain-Injury Potentials
In order to develop a clinically useful grading system for analyzing abnormal evoked potentials obtained from patients with head trauma, we have systematically analyzed wave latencies, amplitudes, duration, and morphology of multimodality evoked potentials recorded from volunteers to establish a normal data base. Tables 1 and 2 are ex- N) followed by the latency from time of stimulation to wave peak in msec + range (Fig. 4) . Grading abnormal evoked responses obtained from head-trauma patients was accomplished by grouping the evoked potentials in each modality according to similarity of wave latencies and morphology. After all the studies were grouped, four distinct injury patterns emerged in each modality. We arranged the injury patterns into an ordered functional grading system I through IV, based on factors such as correlations of the normal data and serial multimodality evoked potentials, with serial neurological examinations, the patient's final status, and the neuroanatomic lesions found at autopsy. 7 When a patient's overall neurological condition improved, worsened, or remained stable, that patient's serial evoked potential study could be analyzed for changes in wave latency, morphology, and amplitude. The same correlation of evoked potentials with neurological function could also be done with focal neurological deficits. It was possible, for example, to compare the somatosensory evoked potentials from a healthy parietal lobe with the somatosensory evoked potentials from a focally damaged parietal lobe in the same individual. Thus, injury patterns relating to clinical events were established in each patient and compared to normal data and the serial studies of other patients to obtain an ordered grading system.
Special emphasis was placed in each patient's neurological examination on level of consciousness, the presence or absence of posturing (decorticate or decerebrate), impaired oculocephalic responses, bilaterally abnormal pupillary responses, focal neurological deficits, duration of coma, and the patient's outcome.
Results
We have analyzed the first 200 msec poststimulation for somatosensory, 300 msec for visual, and 400 msec for auditory evoked potentials both in the control and the patient groups. An analysis up to 20 msec was performed on auditory brain-stem evoked Goff, et al. 6 tLatency measured to peak from time of stimulus onset (msec). ~Amplitude measured peak to peak (#V). w measured from peak (msec). responses (far field) but waves in the interval between 11 msec and 20 msec were inconsistent and varied with the degree of muscle contamination. We report, therefore, only the waveforms occurring in the first 10 msec post-stimulation.
Wave latencies and morphology in the post-stimulation time periods that we analyzed proved to be more stable between different normal subjects than did wave amplitudes. For example, the reproducibility of latency from time of stimulation to the peak of somatosensory wave P29 in the 20 normal subjects was good (~ = 29, range + 2 msec), while that of the amplitude of the P29 wave in 20 normal subjects, baseline to peak, was considerably more variable (~ = 3.1 #V, range + 1.1 to + 6.9 #V).
In serial studies on the same individual, however, the reproducibility of wave amplitudes was found to be fairly stable. For example, in a normal subject who had somatosensory evoked potentials recorded serially on three different days the amplitude of wave P29 fell within a narrow range (~ = 2.9 #V, range + 2.7 to + 3.0 #V). Therefore, in comparing data between two different patients we analyzed latencies and waveforms rather than amplitudes. However, in serial studies of the same individual, amplitude comparisons were quite useful. Table 3 summarizes our data presenting the wave latencies (4-range) of the normal volunteer group. Normal data for comparison with those presented here are abundant in the literature. 2,U,~l,a8
Somatosensory Evoked Injury Potentials
Somatosensory evoked injury potentials recorded from head-trauma patients were graded according to a scale representing increasing functional abnormality from Grade I to Grade IV. A total of 122 studies from 51 patients were obtained (Fig. 5A, Table 4) .
Grade I. These potentials were similar in latency and morphology to normal somatosensory responses except that waves N138 and P188 were invariably absent leaving a period of electrical silence from 100 Grade IV. Except for the P15 (+0.8) wave there was electrical silence in this grade, which included 21 studies.
The stability of the P15 somatosensory wave was remarkable in that it could be consistently recorded even in patients who were areflexic with electrically silent visual and auditory evoked potentials and who had electroencephalograms with minimal or no cerebrally originating electrical activity when recorded at a sensitivity of 2 ~tV/mm (Fig. 6) . We believe that the somatosensory P15 wave recorded from parietal scalp (P3 or P4) is the afferent volley of depolarization conducted in the lemniscal system. It is probably the same electrical activity seen in recordings made from the cervical region, the N14 wave, but synaptically delayed in the nucleus of the dorsal column? It appears to have no relation to either thalamic or cortical function, considering that we have recorded it in five patier~s with electrical and clinical brain death.
Visual Evoked Injury Potentials
Visual evoked injury potentials were obtained in 122 studies (51 patients) and graded according to the following criteria (Fig. 5B , Table 4 ):
Grade I. Wave activity ceased at 240 msec (4-10). The early waves were delayed when compared to normal data P66 (4-2), N75 (+2), P98 (+5), NIl0 (4-5), P129 (4-4), N150 (4-5), P187 (4-3), N240 (+10). There were 62 studies in this grade.
Grade II. Two negative peaks separated by a positive wave, N90 (+6), PI50 (4-10), N220 (4-10), were typical of 19 studies in this grade while 10 studies also had a leading positivity at P65 (4-3) .
Grade IlL A negative wave at N95 (4-15) was the only electrical activity characteristic of the 15 studies in this grade.
Grade IV. Electrical silence was recorded in 16 studies.
Great care was taken to record electroretinograms simultaneously with the visual evoked potentials. This was especially helpful in Grade IV (electrically silent) visual injury potentials to avoid mistaking retinal dysfunction secondary to local eye trauma for a fiat visual evoked response indicating intracranial visual system dysfunction. right) depicts an apparent Grade IV visual evoked potential study to right eye stimulation alone, while the visual evoked potentials to left eye stimulation alone (Fig. 7 upper left) were Grade III. The electroretinogram of each eye (Fig. 7 lower) reveals right retinal dysfunction that produced the apparent electrical silence recorded from the occipital lobes to right eye stimulation. 8
Auditory Evoked Injury Potentials
Auditory evoked injury potentials were obtained in 122 studies (51 patients) and could be graded into four categories as follows (Fig.  5C , Table 4 ):
Grade I. The waves in this group of 43 potentials were delayed throughout in comparison to the normal data, and measured P45 (+3), N63 (+4), P87 (+5), N143 (4-5), P232 (+10), N370 (4-10).
Grade II. The typical wave pattern in 38 studies was P45 (4-3), N62 (+2), P85 (+4), N143 (+5), P230 (4-6). However, in seven studies a negative wave at 260 msec (4-10) was also present.
Grade III. A monophasic negative wave peaking at N250 (4-12) was present at all 17 studies in this grade.
Grade IF. Electrical silence was present in 24 studies.
Evoked Brain-Injury Potentials
Brain-stem, early latency, and auditory injury potentials were obtained in 97 studies and graded according to the following criteria (Table 4) :
Grade I. The wave latencies, morphology, and amplitude of 65 studies were indistinguishable from our normal data. We tentatively call these Grade I injury potentials although in the potentials occurring between stimulation and 10 msec no variation from the norm could be detected.
Grade II. Waves P6.7, P7.2, and P10 were absent in 21 studies and in 17 of these there was a delay of 0.5 msec (+0.1) between the peak of P1.5 and the normal latency of P5.6, so that wave P5.6 peaked at 6.1 msec (+0.1) and wave P4.7 was absent.
Grade III. There were five studies that consisted only of a monophasic positivity peaking at P6.0 (4-0.1) and the P1.5 wave.
Grade IV. Wave P1.5 was the only electrical activity recorded in six studies.
Auditory far-field potentials or eighth nerve action potentials were especially important to obtain in head-trauma patients with Grade IV (electrically silent) auditory evoked potentials to be sure of the functional integrity of the acoustic nerve. Figure 8 represents a simultaneous eighth nerve potential and brain-stem evoked response to auditory stimulation from a patient with Grade IV auditory evoked potentials (electrically silent). The right acoustic nerve is functional and brain-stem potentials can be seen. The brain-stem potentials, however, are delayed and normal activity usually recorded from 6 to 10 msec is absent (Grade II brainstem potentials).
Discussion
In order to better utilize evoked potentials to localize areas of brain dysfunction and to augment understanding of the pathophysiology of human head trauma, we propose a method to analyze abnormal multimodality evoked potentials (graded evoked braininjury potentials) obtained from comatose patients with severe head trauma. A detailed analysis of the potentials generated in dysfunctional brain in response to sensory stimulation has not been previously reported in patients with head trauma. We feel that the grading of injury potentials enables us to define simply the degree of abnormality with which the particular evoked potential varies from normal data. Correlation of factors such as abnormal evoked potentials with neurological examinations, postmortem findings, operative findings, prognosis, and final results, can be easily accomplished using a simple code expressing the abnormal evoked potential data. 7
Four injury patterns emerged in each modality based on a discriminant analysis of 122 multimodality evoked potential studies (there were only 97 brain-stem studies) using latency, waveform, and amplitude criteria. It is possible that other injury patterns or further refinements of the existing ones will occur as the number of patient studies increases.
In spite of the fact that 122 studies were done on 51 patients we believe that each of the 122 studies can be considered an independent sample of the neurophysiological status of the central nervous system. Several months often separated the serial studies, and during this period the patient's neurological condition has often changed dramatically. Thus, each multimodality evoked potential study reflected the neurophysiological condition at the time it was recorded. We have analyzed only the first 200 msec post-stimulation for somatosensory, the first 300 msec for visual, and the first 400 msec for auditory evoked potentials. It is our feeling that the waves present in these periods are more stable and reproducible than later waves and are therefore more quantifiable. However, we noted in our patients that the level of consciousness greatly affected the 'presence or absence of the later waves in the modalities mentioned above. When a comparison was made between normal data and the brain-injury potentials recorded in patients with severe head trauma it was apparent that even in the Grade I category of injury potentials later waves were absent. Thus, even though they do not appear quantifiable, the later waves may yet prove to be useful determinants of the depth of coma.
The value of multimodality evoked potentials as a clinically useful neurophysiological technique cannot be fully realized until consistent recognition of normal versus abnormal data can be made and more detailed analysis of the abnormal evoked potentials in various neurological disease states is possible. We have presented a method of analyzing and grading evoked brain-injury potentials from severe head trauma patients and normal data with which to compare the potentials.
